Two experiments were conducted to determine the effect of varying dietary selenium (Se) levels and Se source on growing swine. In Exp. 1, seleniferous wheat and oats were used to formulate diets containing .47, 2.58, 5.60 or 8.40 ~tg/g organic Se. Dietary Se level had no effect on pig performance during the 6-wk experiment as measured by daily gain, daily feed intake or feed/gain. Blood composition and enzyme activity were not affected by dietary treatment. Selenium concentrations of blood, hair, liver, kidney, heart, spleen and diaphragm muscle were increased linearly (P<.01) as dietary. Se increased. In addition, liver weight as a percentage of body weight was increased linearly (P<.01) as dietary Se level increased. No signs of chronic Se poisoning were observed. Dietary treatments in Exp. 2 were similar to Exp. 1 with the exception that sodium selenite was utilized as the Se source and the diets were fed for 17 wk. Inorganic Se levels of .54, 2.63, 5.69 or 8.33 /ag/g had no effect on pig performance as measured by daily gain, daily feed intake or feed/gain. Selenium concentrations of blood, hair, liver, kidney, spleen and diaphragm muscle were significantly increased as dietary Se level increased. Liver weight as a percentage of body weight was increased at the two highest dietary Se levels. Blood glutathione peroxidase activity was significantly increased by dietary treatment, while other blood variables were not affected. The data for rats, while generally indicating the same degree of effects as the data for swine, suggest that rats are more susceptible to chronic poisoning by selenium.
Introduction
Selenium is established both as an essential micronutrient and as a natural toxicant for domestic livestock. The Food and Drug Administration has approved sodium selenite and sodium selenate as supplements to pig starter diets up to a level of .3 ~tg/g of Se (U.S. Dept. Health and Human Services, 1982) . Consequently, the potential exists for Se poisoning to occur through accidental contamination, incorrect mixing or incorrect formulation of the diet.
Reports of Se poisoning in swine are limited and not well documented. Selenium poisoning has been experimentally produced (Miller and Schoening, 1938; Wahlstrom et al., 1955 Wahlstrom et al., , 1956 Wahlstrom and Olson, 1959; Moxon and Mahan, 1981) but seldom was the experimental objective to establish the maximum level of dietary Se that could be tolerated without affecting pig performance. The level at which Se becomes toxic to swine is thought to be about 4 to 5 /ag/g, depending on diet composition and other factors (NRC, 1983) . This value was derived primarily from early Se research with considerable extrapolation of data from other species and needs verification if accidental cases of poisoning are to be properly diagnosed.
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performance, blood composition, tissue Se concentration, blood enzyme activity and liver weight as a percentage of body weight. In addition, the diets were fed to rats to determine whether effects of Se were similar for the two species.
Materials and Methods
Pig Studies. Two experiments were conducted utilizing 24 crossbred pigs of predominantly Yorkshire, Hampshire and Duroc breeding in each experiment. Six pigs were assigned randomly to each treatment from outcome groups based on ancestry, sex and weight in Exp. 1 and on ancestry and weight in Exp. 2. Average initial weight of pigs was 8.0 and 8.4 kg in Exp. 1 and 2, respectively. Pigs were maintained in individual pens in an environmentally controlled nursery having plastic or plastic-coated expanded metal floors for the 6-wk duration of Exp. 1 and for the initial 6 wk of Exp. 2. From 6 to 17 wk, pigs in Exp. 2 were housed in an enclosed building with concrete-floored pens bedded with wood shavings. Feed and water were provided ad 4Sasco, Inc., Omaha, NE.
libitum. Weight gains and feed intakes were measured weekly.
The experimental diets used in Exp. 1 (table  1) were formulated to contain 0, 3, 6 or 9/~g/g of naturally occurring Se. Wheat and oats were replaced with seleniferous wheat and oats to obtain the desired dietary Se levels. The seleniferous grains were normal varieties grown in South Dakota on soils naturally high in selenium. The basal diet in Exp. 2 was the same as the nonseleniferous control diet in Exp. 1 (diet 1) except chlortetracycline was used as the antibiotic. Sodium sele-nite in a ball milled premix with a soybean meal carrier was added at the expense of soybean meal to provide Se levels similar to those in diets 2, 3 and 4 of Exp. 1. Selenium contents by analysis for diets 1 to 4, respectively, were .47, 2.58, 5.60 and 8.40/ag/g for Exp. 1 compared with .54, 2.63, 5.69 and 8.33/ag/g for Exp. 2.
Rat Studies. Two 4-wk experiments were conducted with white, male, Sprague-Dawley rats 4 averaging about 60 g and fed the same diets used in the two swine experiments. Seven rats assigned randomly to each diet were housed in individual stainless steel cages at 25 to 28 C with a light period of 12 h/d. They were allowed feed and deionized water ad libitum.
Blood, Hair and Tissue Analyses. Blood samples were obtained at the termination of each pig and rat experiment and also at 6 wk in the second pig experiment. Pigs were bled from the anterior vena cava into heparinized tubes and rats were anesthetized with diethyl ether and bled by heart puncture into heparinized tubes. Packed cell volume (PCV) was determined with a microhematocrit centrifuge and expressed as percentage volume of packed red cells in whole blood. Total hemoglobin concentration was determined colorimetrically (Sigma Chemical Co., 1980b) and total plasma bilirubin was determined by the method of Sigma Chemical Co. (1981) . Selenium was determined fluorometrically (Olson et al., 1975) .
Blood plasma glutamic-oxalacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) activities were determined by the method of Sigma Chemical Co. (1980a) and expressed as Sigma-Frankel (S-F) units/ml, The indirect method of Lawrence and Burk (1976) was used to determine plasma and cellular glutathione peroxidase (GSH-Px). The GSH-Px values are expressed as enzyme units (EU)/mg protein and EU/mg hemoglobin, with EU representing nmol NADPH oxidized/rain.
Hair samples were obtained from all pigs 1 d before slaughter. At the termination of each experiment, all pigs and rats were killed. Heart, liver, kidney and spleen were removed and weighed. Samples of each organ and of diaphragm muscle in pigs and leg muscle in rats were removed and frozen for Se analysis. Rat livers were scored on a scale of 0 (no liver damage) to 5 (severe necrosis).
Statistical Analysis. Each experiment was
analyzed as a randomized, complete block design using a least-squares procedure (SAS, 1979) . Single degree of freedom orthogonal polynomial regression analysis was used to Selenium concentrations in liver, kidney, heart, spleen, diaphragm muscle and hair all increased linearly (P<.01) with increasing level of dietary Se. Kidney Se concentration was similar to that of liver for pigs fed diets 2, 3 or 4.
Selenium levels of the blood increased (P<.01) with increasing dietary Se level. Increasing dietary levels of Se had no effect on PCV. The level of cellular or plasma GSH-Px was not significantly influenced by dietary Se level. In addition, dietary Se level had no effect on plasma GOT or plasma GPT activity. Kidney, heart, diaphragm muscle and hair Se concentrations each increased linearly (P<.01) as dietary Se level increased. Selenium concentration in spleen and liver increased cubically (P<.01) and quadratically (P<.01), respectively, as supplemental Se level increased. Liver Se concentrations were again similar to those of kidney at all levels of Se supplementation.
Increasing levels of supplemental Se resulted in a linear increase (P<.01) in blood Se concentration. Packed cell volume and hemoglobin levels of the blood were not affected by dietary treatments.
Cellular and plasma GSH-Px levels increased quadratically (P<.05) as the level of supplemental Se increased. The lowest levels of sodium selenite supplementation (diets 2 and 3) produced the maximum increase in both cellular and plasma GSH-Px. A slight reversal of this trend occurred with the feeding of the highest level (diet 4) of sodium selenite. Dietary treatment had no influence on GOT and GPT activities.
Rat Studies. Data obtained from feeding rats the swine diets containing various levels of Se from seleniferous grains or sodium selenite are presented in table 4. There were significant linear, quadratic or cubic responses to dietary Se for all variables measured except for blood GOT activity from rats fed sodium selenite and for GPT activity of rats fed seleniferous grains as the Se source. Daily gains, PCV and hemoglobin levels of rats fed diets 3 and 4 containing selenite were less (P<.01) than those of rats fed diet 1. Similar differences were observed for rats fed seleniferous grain except for PCV.
The data from these three variables indicate that the two higher dietary levels of Se were toxic to rats. Because the two rat studies were not conducted simultaneoulsy, the degree of toxicity of the two selenium sources was not compared.
Discussion
The pig performance data indicate that the level of dietary inorganic or organic Se required to produce a reduction in growth rate and feed intake is greater than 8.4/~g/g when pigs are fed diets containing 35% wheat, 20% oats, 17% corn and 25% soybean meal. In contrast Wahlstrom et al. (1955) and Wahlstrom and Olson (1959) reported a reduction in growth rate and feed intake in pigs fed a 15% protein cornsoybean meal diet supplemented with sodium selenite at levels of 7 or 10 /ag/g Se. Later research (Moxon and Mahan, 1981) found sodium selenite supplementation of a 20% protein corn-soybean meal diet at a level of 5 /~g/g Se caused a reduction in growth rate and feed intake when fed to weanling swine. In view of the observed greater toxicity of selenium for rats on corn-based diets as compared with wheat-based diets (Palmer et al., 1983) , the lesser toxicity of selenium in the pig experiments reported herein may have been because of the inclusion of wheat in the diets.
Organ and tissue Se concentrations were found to be directly proportional to the dietary Se concentration. This finding is in agreement with results of studies in which pigs were fed adequate but not excessive Se (Ewan, 1971; Ku et al., 1972 Ku et al., , 1973 Young et al., 1976; Meyer et al., 1981) . In comparisons across experiments, levels of Se in organs and tissues of pigs fed the control diet for 17 wk (Exp. 2) were similar to levels found in those pigs that received this diet for only 6 wk (Exp. 1). However, the Se content of organs and tissues of pigs fed diets supplemented with sodium selenite was considerably less than that of pigs fed similar levels of Se derived from seleniferous grains. Similar results have been reported by Jenkins and Winter (1973) and Ku et al. (1973) .
A high percentage of the naturally occurring Se in many plants is in the form of selenomethionine (Allaway et al., 1967) . Chavez (1979b) theorized that Se in the form of Se-methionine can be incorporated nonspecifically and perhaps undistinguishably from the sulfur-amino acids into tissue proteins. Chavez also stated that when ingested in an inorganic form the pathway of Se into tissue proteins is more under control mechanisms than when organic forms, readily incorporated into protein, are ingested. Thus, the difference in Se levels of organs and tissues between pigs fed inorganic or organic Se may be accounted for by the difference in metabolism of the two forms of Se.
In both experiments, liver and kidney were found to have higher Se concentrations than heart, spleen and diaphragm muscle at each .dietary Se level. This observation has previously been made with pigs fed excess Se (Dudley, fLinear effect (P<.05). go = no damage; 5 = severe necrosis. g for rats fed diets containing selenized grain or 1935) and adequate levels of Se (Ku et al., 1973; Young et al., 1977; Meyer et al., 1981) .
Regardless of the Se source or dietary level, it is apparent that liver and kidney are major organs involved in accumulation and storage of Se.
Pigs fed 8.40 ~tg/g of naturally occurring Se were found to have about 7 ~tg/g Se in liver and kidney. Pigs fed a similar level of inorganic Se were found to have less than 4 ~tg/g Se in liver and kidney. Herigstad (1972) found, in general, pigs with acute selenosis had greater concentrations of Se in liver than in kidney and those not developing selenosis had greater concentrations of Se in kidney than in liver. In the experiments reported herein, liver and kidney Se concentrations were similar at all dietary Se levels above 3/ag/g. The concentration of Se in these organs was considerably less than the 20 #g/g in liver or kidney that identified acute selenium poisoning in pigs (Herigstad, 1972) .
The accumulation of appreciable amounts of Se in the hair of pigs in these experiments is consistent with observations of Wahlstrom et al. (1984) who reported hair Se levels of 3.7 to 12.2 #g/g in pigs fed diets containing 8/ag/g of Se. Also, they reported hair Se level was lowest in red hair and highest in black hair. Wahlstrom et al. (1955 Wahlstrom et al. ( , 1956 reported that the liver becomes necrotic and degenerates due to chronic selenosis. Liver weight as a percentage of body weight increased with increasing dietary Se level in the experiments presented herein. Obermeyer et al. (1971) made a similar observation in rats fed excess trimethylselenonium chloride. This enlargement may be an indication of an attempt by the animal to adapt to a foreign compound and may not necessarily be a sign of liver damage due to selenosis.
Blood Se has been shown to be a sensitive indicator of Se intake when feeding swine diets low or adequate in Se content (Young et al., 1976; Chavez, 1979a,b; Meyer et al., 1981) . Data reported here indicate blood Se to be equally sensitive in response to excessive dietary Se intake. Pigs fed approximately 6 or 9 #gig se were found to have blood Se concentrations over 2 #g/g. This finding is consistent with results reported by Moxon and Mahan (1981) , who reported blood Se to be over 2 /ag/g when pigs were fed diets containing 10/~g/g Se.
Diagnostic indicators of anemia include low PCV (hematocrit), low hemoglobin level or increased serum bilirubin. A decrease in hemoglobin level due to chronic selenosis has been observed in rats (Franke and Potter, 1934; Halverson et al., 1966) and dogs (Moxon, 1937) . Serum bilirubin can be used in differential diagnosis of hemolytic anemia and liver dysfunction in domestic livestock (Smith et al., 1972) . Hatverson et al. (1966) found serum bilirubin increased in anemic rats suffering from chronic organic selenosis. Packed cell volume and hemoglobin levels of pigs in these experiments were within normal ranges for these hematological variables (Kaneko, 1973) . Plasma bilirubin levels were determined but were too low for accurate analysis.
In these experiments, GSH-Px activity was not a sensitive index of excessive dietary Se intake. This finding is in contrast to results of studies where adequate but not excess Se was fed (Sivertsen et al., 1977; Chavez, 1979a,b) . Blood glutathione peroxidase activity was not influenced by dietary Se level when pigs were fed diets containing naturally occurring Se (Exp. 1). However, the enzyme increased quadratically (P<.05) as supplemental sodium selenite increased in Exp. 2. The difference in GSH-Px response when pigs were fed diets containing inorganic or organic Se may be explained by the difference in bioavailability of the two forms of Se. Cantor and Scott (1974) found the biological availability of selenomethionine to be only 37% of that of sodium selenite for prevention of exudative diathesis in chicks. These authors also observed sodium selenite produced higher GSH-Px levels than seleno-DL-methionine at the same dietary Se level. Plasma GOT and GPT levels found in both experiments approximate normal levels for these enzymes (Kaneko, 1973) .
In the trials reported here, rats fed the swine diet without added Se gained similarly to rats that were fed wheat or corn-based diets without added Se in experiments of Palmer et al. (1983) . Daily gains of rats were reduced by the two higher levels of Se (diets 3 and 4) in contrast to the response of pigs fed these diets. Palmer et al. (1983) reported reduced gains in rats fed Se levels of 8/~g/g from corn, wheat or selenite. Weight gains were similar to those reported herein for rats fed a similar level of Se.
In general, blood and tissue data for rats were similar to those for swine. As with swine, Se contents of tissues were higher for rats fed seleniferous grains. Liver and kidney had the highest concentration of Se of all tissues in both species. In contrast to the pig data, Se concentrations were higher in rat kidney than in liver at all levels of Se. The liver scores indicated slight liver damage for rats fed diets 3 and 4. However, liver weights as percentage of body weight do not rerlect the degree of visible liver damage. The data indicate that a lower level of Se will cause chronic selenosis in rats compared with pigs. However, this difference might be the result of differences in biological age rather than species. 
